We suggest two grand unified models where the fifth dimensional coordinate is compactified on an S1/(Z2 × Z ′ 2 ) orbifold.
We suggest two grand unified models where the fifth dimensional coordinate is compactified on an S 1 /(Z 2 × Z ′ 2 ) orbifold. Before showing the models, let us see the compactification of the fifth dimension. We denote the five dimensional coordinate as y, which is compactified on an S 1 /(Z 2 × Z ′ 2 ) orbifold. Under the parity transformation of Z 2 and Z ′ 2 , which transform y → −y and y ′ → −y ′ (y ′ = y + πR/2), respectively, a field φ(x µ , y) transforms as φ(x µ , y) → φ(x µ , −y) = P φ(x µ , y) and φ(x µ , y ′ ) → φ(x µ , −y ′ ) = P ′ φ(x µ , y ′ ), where P and P ′ are operators of Z 2 and Z ′ 2 transformations, respectively. Two walls at y = 0 (πR) and πR/2 (−πR/2) are fixed points under Z 2 and Z ′ 2 transformations, respectively. The physical space can be taken to be 0 ≤ y ≤ πR/2, since the walls at y = πR and −πR/2 are identified with those at y = 0 and πR/2, respectively. On this orbifold, the field φ(x µ , y) is divided into four eigenfunctions according to the eigenvalues (±, ±) of the parity (Z 2 , Z ′ 2 ). We take the Z 2 parity operator as P = diag.(1, 1, 1, 1, 1) and the Z ′ 2 parity operator as P ′ = diag.(−1, −1, −1, 1, 1) acting on a 5 representation in SU (5) 1) 2) 3) 4) .
(1) non-SUSY SU (5) GUT 5) :
The first model we propose is the non-supersymmetric model with the gauge coupling unification. We assume that chiral matter fields are localized on the four dimensional wall at y = 0 (πR). Higgs and gauge fields can propagate in five dimensions. When we consider the non-supersymmetric SU (5) grand unified theory (GUT), one of the most serious problems is that the gauge coupling constants are not unified at the high energy. However, the gauge coupling unification can be realized by a simple extension in the standard model proposed in Ref. 6) , where one more Higgs doublet and two leptoquark scalar fields with the quantum numbers of (3, 2) + (3, 2) in (SU (3) c , SU (2) L ) gauge group, which are denoted as Q + Q, are added. The non-supersymmetric SU (5) model with 10 + 10 (15 + 15) Higgs fields on an S 1 /(Z 2 × Z ′ 2 ) orbifold proposed in Ref. 1) has the same field contents at the low energy * * ) . Where only leptoquark fields Q and Q in 10 + 10 (15 + 15) Higgs fields have Kaluza-Klein zero modes and survive in the low energy. In this model the
2 ) orbifolding where the standard gauge bosons have Kaluza-Klein zero modes while X, Y gauge bosons do not. These two models with additional leptoquarks and a Higgs doublet at the low energy unify three gauge coupling constants, but the unification scale is of order 10 14 GeV, which disagrees with the present proton-decay experiment at Super-Kamiokande.
Thus, in the first model, we introduce additional two 24 Higgs multiplets in five dimensions, and assign (Z 2 , Z ′ 2 ) parity as (8, 1) + (1, 3) + (1, 1) components have Kaluza-Klein zero modes while (3, 2) + (3, 2) components do not. Then the gauge coupling unification is realized at the scale of order 10 17 GeV with O(1) TeV gauge invariant mass of 10+10 (15+15) and two 24 multiplets. The 24 Higgs fields do not have Yukawa couplings with the matter fermions, and the dominant proton-decay mode is p → e + π 0 via the exchange of the X, Y gauge bosons which have KaluzaKlein masses. However the X, Y gauge bosons are too heavy for the proton decay to be observed at Super-Kamiokande. The contributions for the b → sγ, µ → eγ, electron and muon anomalous magnetic moment, and electron and neutron electric dipole moment from leptoquarks with O(1) TeV masses are negligible. Therefore the order one coupling between leptoquarks and quarks/leptons are consistent with the current experimental bounds.
The second model we propose is a supersymmetric GUT in five dimensions where the fifth dimensional coordinate is compactified on an S 1 /(Z 2 × Z ′ 2 ) orbifold. In the GUT, the triplet-doublet (TD) splitting problem, how to realize the mass splitting between the triplet and the doublet Higgs particles in the Higgs sector, is one of the most serious problems. Recently people show that the five dimensional SU (5) GUT on an S 1 /(Z 2 × Z ′ 2 ) orbifold can give a natural solution for the TD splitting problem 2) 3) 4) . In this model, Higgs and gauge fields can propagate in five dimensions, while chiral matter fields are localized on the four dimensional wall. The TD splitting and the gauge group reduction are realized, since doublet components in 5 and 5 Higgs fields and the standard gauge bosons have Kaluza-Klein zero modes (while other components do not have Kaluza-Klein zero modes) due to the
The model we propose is a supersymmetric flipped SU (5) × U (1) GUT on an
2 ) orbifold, which can realize not only the TD splitting but also the natural fermion mass hierarchies. The TD splitting is realized by the S 1 /(Z 2 × Z ′ 2 ) orbifolding, which also reduces the gauge group as
In addition to three generation chiral matter fields localized on the wall at y = 0 (πR), which are denoted as (10
where index number shows the charge of U (1) and the generation is denoted by i = 1, 2, 3, we introduce extra three sets of vector-like matter fields which can propagate in five dimensions. The extra matter fields are given by (10 1 ) I + (10 
. We assume the values of M I and m i are smaller than the compactification scale of M c , but much larger than the SUSY breaking scale to avoid the blow-up of the gauge coupling constants. The Kaluza-Klein zero modes of vector-like matter fields obtain supersymmetric mass terms of M I and m i . The fermion mass hierarchies in the chiral matter fields are generated by integrating out the heavy extra vector-like generations 8) . We consider the case of
Then, the mass hierarchies is generated in the mass matrices of the light eigenstates, Q i , U i , and E i . On the other hand, D i , L i , and N i do not produce the mass hierarchies since their extra vector-like generations do not have zero modes. Then, the light eigenstates mass matrices of up quark sector, down quark sector, and charged lepton sector become
respectively, where v and v are vacuum expectation values (VEVs) of doublet components of H 5 and H 5 , respectively. Each element of mass matrices is understood to be multiplied by O(1) coefficient. We write the mass matrices that the lefthanded fermions are to the left and the right-handed fermions are to the right.
Setting the values of M i+3 and m i as ǫ 1 ≃ λ 4 and ǫ 2 ≃ λ 2 , where λ is the Cabbibo angle estimated as 0.2, we can obtain the suitable fermion mass hierarchies. Moreover, the small (large) flavor mixings in the quark (lepton) sector are naturally obtained 8) 9) 10) . The mass matrix of three light neutrinos is given by
where v N is the VEV of SU (3) c × SU (2) L singlet component in H 10 (H 10 ), which reduce the gauge group as
. The radiative corrections of the large Yukawa coupling y ν can induce the VEV, v N . We can obtain the suitable mass scale for the neutrino oscillation experiments by choosing the values of M φ and y ν v N . The suitable choice of O(1) coefficients in the mass matrix can induce the lepton flavor mixings which are consistent with the neutrino oscillation experiments. Above fermion mass matrices can give the suitable fermion mass hierarchies of quarks and leptons 8) 9) 10) . They also give us the natural explanation why the flavor mixing in the quark sector is small while the flavor mixing in the lepton sector is large. Since all components have undetermined O(1) coefficients, we have to determine the explicit values of O(1) coefficients in order to predict the experimentally observable quantities. As for the proton-decay process, the dimension five operator is strongly suppressed by the U (1) R symmetry, and the dominant mode is p → e + π 0 via the exchange of the X, Y gauge bosons which have Kaluza-Klein masses.
